ABSTRACT C-type inactivation of potassium channels is distinct from N-terminal mediated (N-type) inactivation and involves a closing of the outer mouth of the channel. We have investigated the role of the individual subunits of the tetrameric channel in the C-type inactivation conformational change by comparing the inactivation rates of channels constructed from different combinations of subunits. The relationship between the inactivation rate and the number of fast subunits is exponential, as would be predicted by a cooperative mechanism where the C-type conformational change involves all four subunits, and rules out a mechanism where a conformational change in any of the individual subunits is sufficient for inactivation. Subunit interactions in C-type inactivation are further supported by an interaction between separate mutations affecting C-type inactivation when in either the same or separate subunits. 
INTRODUCTION
Most voltage-gated ion channels undergo inactivation after opening. The inactivation process is important for the generation and integration of electrical signals and can occur over a wide range of time courses in different types of channels. An individual channel molecule can have multiple distinct types of inactivation occurring over different time courses (Hodgkin and Huxley, 1952; Narahashi, 1974; Adelman and Palti, 1969; Chandler and Meves, 1970 ; Khodorov et al., 1976; Ehrenstein and Gilbert, 1966; Hoshi et al., 1991; Choi et al., 1991) . The molecular mechanisms of two distinct types of inactivation of voltage-gated potassium channels, N-type and C-type, have been investigated. N-type inactivation is better understood and has been shown to occur through a "ball-and-chain" mechanism Zagotta et al., 1990) originally proposed for Na+ channel inactivation (Armstrong and Bezanilla, 1977) . An N-terminal domain binds to the internal mouth of the channel, occluding the ion permeation pathway Zagotta et al., 1990 ; Demo and Yellen, 1991) . N-type inactivation is voltage independent, is coupled to activation, and is complete within 2-3 ms in Shaker B (ShB) channels. C-type inactivation occurs much more slowly in ShB channels but can be quite fast in other alternatively spliced Shaker channel variants (Hoshi et al., 1991; Iverson and Rudy, 1990) . Like N-type inactivation, C-type inactivation is coupled to activation and is voltage independent between -25 mV and +50 mV. Although C-type inactivation may be studied in the absence of N-type inactivation, it is in fact partially coupled to N-type inactivation and occurs faster from the N-type inactivated state (Hoshi et al., 1991; Baukrowitz and Yellen, 1995) .
In Shaker channels with the amino-terminal region removed to eliminate N-terminal inactivation, substitution of residues in the sixth membrane-spanning region (S6) and the P-region have been shown to affect the time course of C-type inactivation (Hoshi et al., 1991; Labarca and MacKinnon, 1992; Heginbotham et al., 1994; DeBiasi et al., 1993) . A single amino acid difference (alanine to valine) at position 463 in S6 is responsible for the approximately 100-fold difference in C-type inactivation rate between two alternatively spliced variants (Hoshi et al., 1991) . Amino acid substitutions in the P-region at position 449, a threonine in the wild-type ShB channel, can also alter the C-type inactivation rate by several orders of magnitude (LopezBarneo et al., 1993) .
Although the molecular mechanism of C-type inactivation is not understood, several lines of evidence favor the hypothesis that inactivation occurs through a constriction of the outer mouth of the pore. Application of external tetraethylammonium (TEA), a pore blocker, competes with Ctype inactivation but has no effect on N-type inactivation (Choi et al., 1991) . Slowing of C-type inactivation has also been observed in experiments where the concentration of external K+ or Rb+ has been elevated (Lopez-Barneo et al., 1993; Labarca and MacKinnon, 1992; Baukrowitz and Yellen, 1995) . Both of these results are consistent with a "foot-in-the-door" mechanism where the presence of external TEA or a permeant ion prevents the closing of the outer mouth of the channel protein. There is additional evidence suggesting that C-type inactivation is accompanied by a structural rearrangement of the external mouth of the pore near position 449. The introduction of a cysteine at 449 renders the channel sensitive to block by cadmium (Yellen et al., 1994) . Cadmium blocking experiments suggest that the C-type inactivated state is much more sensitive to cadmium than either the open or the closed state (Yellen et al., 1994) . The state dependence of the block suggests either a physical rearrangement during the C-type inactivation process where residue 449 becomes exposed to solution in the inactivated state, or the spatial distribution of the cysteines changes, creating a more efficient binding site for cadmium.
In this study, we examine the interactions between subunits during the C-type inactivation conformational change and the interactions between mutations at position 463 in S6 and position 449 in the P-region. We address two specific questions: 1) Do the changes of inactivation rates with mutations of residues 449 and 463 affect the same or different inactivation processes? 2) Is a conformational change in one subunit sufficient for C-type inactivation to occur, or does it occur by a concerted conformational change? A preliminary report of this work has been presented in abstract form (Ogielska et al., 1994) .
MATERIALS AND METHODS Molecular biology
The ShBA6-46 deletion that removes N-type inactivation was generated as described previously . Point mutations at positions T449 and A463 were made by generating PCR primers using ShBA6-46 as the template. The PCR product was gel purified and spliced into either the A protomer or the B protomer using NsiI and HindIHl as the restriction sites (Hoshi et al., 1991; Lopez-Barneo et al., 1993) . The A protomer contains a nine-amino acid linker at the end of the C-terminus (NNNNNNAMV), which allows the two protomers to be ligated after an NcoI and KpnI digestion of both protomers (Heginbotham and MacKinnon, 1992) . To check that the proper monomers were linked together and that no secondary mutations occurred, the dimers were separated using NcoI, and the mutated region of each monomer subunit was sequenced after the fragment was gel purified. The resultant dimers were linearized using either EcoRI or KpnI, and RNA was synthesized using the T7 RNA polymerase from the Message Machine kit from Ambion. The A463vB dimer was made two separate times, but neither time did this construct lead to expressed potassium channels in oocytes.
course typically did not fall to zero during the 7600-ms pulse. The calculations of rate constants were therefore corrected for recovery. (a -b)la = kI(k + k-1), where a is the peak current amplitude, b is the steady-state component of the current, and k and k_ are the forward and reverse rate constants, respectively.
RESULTS
Previous studies have shown that substitutions at positions T449 (in the P region) or A463 (in S6) in the ShB variant with N-type inactivation removed (ShBA6-46) cause significant changes in the rate of C-type inactivation (Hoshi et al., 1991; Lopez-Barneo et al., 1993) . Fig. 1 shows the effects of these single substitutions as well as the effects of mutating both positions simultaneously. The amino acid at position 449 is listed vertically and the amino acid at position 463 is listed horizontally. As previously described, the rate of C-type inactivation is sensitive to the residue at position 449: fast inactivation in channels with a glutamic acid, lysine, or alanine; slower inactivation with a threonine (wild type) or histidine; and very slow inactivation with either a tyrosine or valine. Substitution of alanine at position 463 to a valine in the wild-type channel increases the inactivation rate 100-fold (Hoshi et al., 1991) . Electrophysiology and analysis
His
The transcribed RNA was injected into Xenopus laevis oocytes as previously described (Zagotta et al., 1989) . Macroscopic and single-channel recordings were done in cell-free patches 3-10 days post-injection. Macroscopic currents were recorded using pipettes with initial resistances of <2 Mfl, and no corrections were made for series resistance. Leak subtraction was done using the P/4 protocol. All recordings were done at 21 'C. If mutations at position 449 and position 463 altered the rates of separate inactivation processes, channels with a valine at position 463 would inactivate quickly, regardless of the amino acid at position 449. If position 449 is occupied by a glutamic acid, lysine, alanine, threonine, or histidine, an additional substitution from wild-type alanine to a valine at position 463 causes a substantial increase of the inactivation rate. However, when occupied by either tyrosine or valine, position 449 appears to play a dominant role in determining the overall inactivation rate, regardless of whether a valine or alanine is at position 463. This interaction of mutations at the two positions demonstrates that they are affecting the same or strongly coupled processes of inactivation (C-type) rather than independent (C-type and previously undescribed) inactivation processes.
One interpretation of this result is that the mutations are not energy additive and are interacting with one another either directly or indirectly. An alternative interpretation is that the mutations are energetically additive, but the equilibrium between the noninactivated and the inactivated state in the 449Y mutant is so heavily biased toward the open state that the additional 463V mutation is not able to noticeably affect that equilibrium.
Functional stoichiometry of C-type inactivation
We took advantage of the effects of amino acid substitutions on the inactivation rate and the tetrameric structure of the Shaker channel (MacKinnon, 1991; Liman et al., 1992) to explore the functional stoichiometry of C-type inactivation. It is possible that a conformational change in a single subunit could be sufficient to cause C-type inactivation to occur. Alternatively, all four subunits may undergo highly cooperative or concerted conformational transitions. To differentiate between these possibilities, we made use of the expression of tandem dimer constructs where two a subunit cDNAs are linked (Isacoff et al., 1990; Heginbotham and MacKinnon, 1992) . We constructed tandem dimers with one subunit containing a mutation that increased the inactivation rate of the channel and one wild-type (slowly inactivating) subunit. The heteromultimeric channels, arising from the assembly of two tandem dimers into a tetrameric channel, are predicted to have different inactivation rates, depending on whether the fast and slow subunits interact in a cooperative mechanism, or whether an independent conformational change in any one of the subunits is sufficient to cause inactivation.
If the mechanism is independent, where a conformational change in a single subunit is sufficient to inactivate the channel, then the inactivation rate constant will be the sum of the individual rate constants contributed by each of the four subunits:
For a heterotetrameric channel with a combination of n fast and 4 -n slow subunits:
where kfast and k,10w are the inactivation rates of the fast and slow homomultimers, respectively. For the case of channels formed from two dimers, each with one fast and one slow subunit,
If the process of C-type inactivation is concerted (highly cooperative), involving a conformational change in the channel tetramer, then each of the four subunits of the channel will contribute free energy to the transition state for the inactivation conformational change, and the inactivation rate for a channel with a combination of n fast and 4 -n slow subunits will be exponentially related to the sum of the energetic contributions of the individual subunits:
where A is the attempt frequency (1012 s-'),
(kBT ln(k-s)) \Gt=~4 and AG' = A )
For a channel with two slow and two fast subunits the predicted inactivation rate for a concerted mechanism would be -2(AGf + AGf)
The off rates may be ignored if the current decays to zero at long times. In this case the channel's recovery from inactivation is so slow that its contribution to the measured current is not appreciable. This was true for the 449K and 463V mutant channels. However, even at positive potentials the off rate is small but appreciable in wild-type channels, as is evident from the small steady-state current in the set of traces in Fig. 2 B. For our analysis the inactivation rates of wild-type channels are calculated from exponential fits to the current decay and the steady-state current as described in Materials and Methods.
To engineer hybrid channels with two fast and two slow subunits, we linked the cDNA of two subunits, in a single open-reading frame, separated by a short oligonucleotide linker (a gift of Rod MacKinnon) (Isacoff et al., 1990; Heginbotham and MacKinnon, 1992 In the first set of experiments the alanine at position 463 in S6 was mutated to a valine in either one or both of the dimer subunits. The mutation speeds the time constant of inactivation roughly 100-fold (-1500 ms to -15 ms) in homotetramers. The off rate is extremely slow, with less then 25% of the inactivated channels returning from inactivation after 1 s at -100 mV (Hoshi et al., 1991) . Representative traces from the A463V homomultimer assembled from tandem dimers are shown at the bottom of Fig. 3 B. The top set of traces in Fig. 3 B is from channels where only one subunit was mutated in the dimer construct. The het- eromultimeric channel is presumed to have two slow (wildtype) and two fast (A463V) subunits.
In the second set of experiments the mutation is made at position 449 with the threonine replaced with a lysine. This single substitution speeds up the time constant of inactivation from -1500 ms to -25 ms in homotetramers. The recovery rate is similar to that of wild-type channels. Representative traces for the T449K homomultimer assembled from tandem dimers are shown in the bottom of Fig. 3 C, where both halves of the dimer carry the T449K mutation. The top family of traces in Fig. 3 C is from the heteromultimeric channel containing two slow (wild-type) and two fast (T449K) subunits. The wild-type, A463V, and T449K homotetrameric channels made from tandem dimers inactivate with rates similar to the respective homotetrameric channels assembled from monomers, consistent with correct assembly of the tetramers.
The comparison of both sets of data to the theoretical predictions of the independent and concerted mechanisms is shown in Fig. 4, A (Tukey, 1977) . Sample sizes were between 6 and 13 (A) and 3 and 13 (B). The x axis shows the stoichiometry of the constructs in terms of the number of fast and slow subunits. In A there are two box plots for 2S:2F because the mutation was made in either the first or the second half of the dimer. In B only the mutant with the A463V mutation in the first half of the dimer expressed. The dark circles represent the predicted rates from the fully cooperative mechanism (Eq. 4), and the dark squares represent the predicted rates if the mechanism of C-type inactivation was independent (Eq. 2). records were fitted with single exponentials and the resultant rate constants from many patches are plotted as box plots on the y axis. The x axis denotes the number of slow and fast subunits in each channel type. The predictions are shown as filled circles for the concerted case and filled squares for the independent case. Predictions were calculated as explained earlier for all five possible combinations of fast and slow subunits. For the T449K mutations, data are shown for constructs with the mutation in either the first or second half of the dimer (Fig. 4 A) . The similarity in the distributions of rate constants indicates that the subunits formed correctly for the most part, although there is a slight but insignificant tendency for faster inactivation when the 449K mutation is in the first subunit of the dimer. For the 463 mutation, the dimers with the reverse orientation did not express in oocytes. The data for both the A463V and T449K mutations fit the concerted model rather than the independent one.
Intersubunit interactions
We have shown that the C-type inactivation mechanism involves cooperative interactions between the four subunits and that the mutations at positions 449 The question is whether the tyrosine at position 449 can dominate the effect of the valine at position 463 in another subunit (as it does when both mutations are in the same subunit) and slow down the overall inactivation rate of the channel. If the dominant effect cannot be transferred across subunits, the test channel should have a relatively fast time constant, as predicted by the cooperative mechanism (Eq. 5) for two slow and two fast subunits, assuming no extra interactions.
The T449Y mutant does not inactivate during a 10-s pulse, making it difficult to obtain an accurate measurement of the time constant. The three predictions were calculated, each assuming a different plausible (slow) inactivation time constant for the T449Y mutant. The values of 10,000 ms, 30,000 ms, and 100,000 ms were used as approximations for the T449Y mutant, and 15 ms is the empirically determined inactivation time constant for A463V. Currents from the test and control channels are shown in Fig. 5 A. The top trace shows the current elicited by a 7600-ms step to +50 mV for the control construct. The inactivation rate is slow, as expected for a channel with four slowly inactivating subunits. The current from the test construct is shown in the bottom trace of Fig. 5 A. It does not fully inactivate during the 7600-ms pulse. The three predicted traces, assuming no intersubunit interactions between the tyrosine at position 449 in one subunit and the valine at position 463 in another subunit, are shown superimposed as dashed lines. The channels inactivate with a time course similar to the control channels and much slower than the predictions, which assumed no intersubunit interactions between 449 and 463, even if the 449Y time constant is as slow as 100 s. The slow inactivation time course is a reproducible feature of the A463VB449y construct (n = 5).
We have taken the very slow and slight current decay in 449Y channels to reflect an extremely slow inactivation rate or a noninactivating channel (Lopez-Barneo et al., 1993) . This assumption is supported by the observation that 449Y current continues to decay during pulses up to 50 s in duration (Lopez-Barneo et al., 1993; E. Ogielska, unpublished observation) . However, there is some uncertainty in attributing all of the decay to C-type inactivation as opposed to some other, slower form of inactivation during such long pulses. In this interpretation, the high current level observed at the end of the 7.6-s pulse in the A463VB449y construct (Fig. 5 A) results from an extremely slow inactivation, and not from a rapid but incomplete inactivation. The high steady-state component could be due to fast recovery if 449Y inactivated quickly and recovered quickly. If this were the case then we would expect the 449Y current traces to show a very fast initial component and a high steady-state component. A fast initial component is sometimes observed; however, it is not reliably reproducible and it has also been observed in wild-type currents, which inactivate slowly. It is therefore our conclusion that the dominant effects of a tyrosine at position 449 can in fact be extended across subunits.
This conclusion depends on the assumption of correct assembly of the tetrameric channels from the tandem dimers. Previous work has shown that such dimers do not always assemble properly (McCormack et al., 1992) . Sometimes the first half of the dimer is preferentially incorporated, creating channels with different stoichiometries than [TEA] (mM) FIGURE 5 (A) A representative trace from a heteromultimer containing an A463V mutation and a T449Y mutation in two subunits and two wild-type ShBA6-46 subunits (control) (top) and a representative trace from a heteromultimer containing the A463V mutation in two subunits and the T449Y mutation in the other two subunits (test) (bottom). In both cases the data were taken from outside-out patches. Current was elicited by 7600-ms steps to +50 mV from a holding potential of -80 mV. The dashed curves, superimposed on the test trace, on the bottom of A represent the predictions for the inactivation time constant of that particular construct, given full cooperativity among the four subunits and assuming no extra interactions (see text for details). (B) Test of proper assembly using external TEA. The solid curves show the predicted TEA sensitivities based on energy additivity studies (Heginbotham and MacKinnon, 1992) . The rightmost curve predicts the sensitivity of wild-type Shaker channels, the middle curve shows the predictions for the case where two 449 residues contain threonines and two contain tyrosines, and the leftmost curve predicts the behavior of channels with four tyrosines at position 449. The circles represent the TEA sensitivity of the patch shown in the top half of A (A449Y463vB), and the triangles show the TEA sensitivity of the patch shown in the bottom of B (A463VB449Y) lem is to express both possible constructs, one with the mutation in the first subunit of the dimer and the other with the mutation in the second subunit. These should give similar results if the dimers are assembling correctly into tetrameric channels. This prediction has been borne out in the case of the A449KB and AB449K heteromultimers. As seen in Fig. 4 A, the A449KB construct, with the mutation that confers fast inactivation in the first half, appears to have given rise to a small population of channels with preferentially incorporated A449K subunits, because the overall inactivation rate is slightly faster than that of channels made were originally intended. One way to control for this prob-2454 Biophysical Journal up of dimers wth the mutation in the second half. Although the preferential incorporation of the first half of the dimer is reflected in the inactivation rates of the constructs, these differences are not significant, confirming proper assembly of the majority of the channels.
With the mutations employed in the present experiments, correct assembly can also be assessed by testing the channel's sensitivity to external TEA. Replacing the wild-type threonine at position 449 in Shaker with a tyrosine greatly enhances TEA sensitivity, and channels assembled from dimers containing two tyrosines and two threonines have intermediate TEA sensitivity (Heginbotham and MacKinnon, 1992; Kavanaugh et al., 1992) . Fig. 5 B shows the TEA sensitivity of the test and control traces shown in Fig. 5 A. The solid curves show the predicted TEA binding curves for channels with four tyrosines at 449 (leftmost curve), two tyrosines and two threonines (middle curve), and four threonines (rightmost curve) (from Heginbotham and MacKinnon, 1992) . The TEA sensitivity was tested on the same patch that the inactivation time constant was measured from. The data show the TEA sensitivity as expected for correctly assembled subunits, with two threonines and two tyrosines at position 449. [TEA] (mM) FIGURE 6 TEA sensitivity of the heteromultimeric channels. The TEA sensitivities of all of the intersubunit interaction heteromultimers were tested, and the outcomes are plotted as described in Fig. 5 did assemble properly, and as a result we are confident in our interpretation of the data (see Fig. 5 ). Fig. 6 B shows the TEA sensitivity of the control heteromultimers, A449Y463VB and AB449Y463V. The data show the TEA sensitivity as expected for correctly assembled subunits.
DISCUSSION
We have utilized different mutations at position 449 in the outer mouth of the pore and position 463 in S6 to examine the nature of subunit interactions during the process of C-type inactivation. We have presented two lines of evidence for a concerted or cooperative conformational change in C-type inactivation: 1) The overall inactivation rate is exponentially related to the sum of the individual transition state free energies contributed by each of the four subunits (rather than a sum of the rates). 2) Mutations at residues 449 and 463 interact, even when in different subunits. The interaction between certain mutations at positions 449 and 463 suggest that alterations of the two residues affect the same process of inactivation. Our results do not rule out the possibility that the mutations at positions 449 and 463 affect different but highly coupled inactivation processes or the possibility of other inactivation mechanisms in addition to N-type and C-type. The possibility of there being different inactivation mechanisms is not necessarily unreasonable because Shaker channels without an N-type inactivation domain can inactivate with a multiexponential time course. In some cases our data could be better fitted with a decay described by the sum of two exponentials. The data, however, were usually approximated well by a single exponential decay.
We took advantage of the effects of mutations at T449 and A463 on the inactivation rate to determine the stoichiometry of the C-type inactivation process. Our data indicate that the inactivation rate of the heteromultimers can be explained by transition state energy additivity (Eqs. 4 and 5) among subunits and therefore that C-type inactivation involves a cooperative conformational change. Our data are inconsistent with a fully independent mechanism of inactivation and with a model where each subunit undergoes the open to inactivated transition independently but requires all four subunits to make the transition before the channel is inactivated. The latter model would predict that the hetero-multimeric channels would inactivate with a time course equal to or slower than that of the slowest subunit, which our data definitely exclude. It is not possible from our analysis to determine the strength of the cooperative interactions between subunits or the mechanisms of cooperative subunit interactions. However, the data agree well with the predictions of a fully cooperative model. It is also important to note that the process appears cooperative regardless of whether the fast substitution was made at position 449 or 463, supporting the argument that both mutations are affecting the same inactivation process. The cooperativity observed here is consistent with results from cadmium blocking experiments which suggested that the spatial distribution of each of the four residues at position 449 changes during the process of C-type inactivation, rendering the channel more capable of coordinating the cadmium ion (Yellen et al., 1994) . A cooperative mechanism for C-type inactivation in a related potassium channel, Kv1.3, has also been reported (Panyi et al., 1995) . A concerted C-type conformational change differs from the mechanism of Ntype inactivation, where amino-terminal blocking domains on each of the subunits function independently (MacKinnon et al., 1993) .
Somewhat surprisingly, we found that the dominance of 499Y over 463V could be transferred across subunits. It seems unusual that the dominant effect of one mutation over another is preserved regardless of whether the two are placed in the same or different subunits. The apparent paradox could be resolved if both the intrasubunit and intersubunit interactions are mediated through the ion-conducting pore rather than through direct side chain or backbone interactions. Perhaps the mutations are affecting inactivation indirectly through effects on ion occupancy in the channel. The C-type inactivation rate is quite sensitive to permeant ions, and that sensitivity can be altered by mutations in the pore and in S6 (Lopez-Barneo et al., 1993, Labarca and Baukrowitz and Yellen, 1995 ; E. Ogielska and P. Zei, unpublished observations). If both residues 449 and 463 affect the probability of ion occupancy in the pore either directly, by extending into part of the ion conducting pathway, or indirectly, perhaps by backbone structural alterations, then their effect could be the same, regardless of whether the mutations were made in the same or different subunits, assuming each subunit contributes equally to the pore. Although this hypothesis requires further testing, several lines of evidence are consistent. Position 449 has been localized at the external mouth of the pore (Heginbotham and MacKinnon, 1992; Lu and Miller, 1995; Kurz et al., 1995) . At least part of S6 has been implicated as lining part of the pore (Choi et al., 1992; Lopez et al., 1994) . The alanine to valine change at 463 in S6 changes the single-channel conductance by about twofold in physiological solutions (Hoshi et al., 1991 and unpublished data) , consistent with at least an indirect effect of this position on ion permeation. Mutations of other porelining residues interact when in the same or different subunits (Kirsch et al., 1992 . Mutations at other putative pore-lining residues affect C-type inactivation (Labarca and MacKinnon, 1992; DeBiasi et al., 1993; Heginbotham et al., 1994) . Understanding of the mechanism of interactions between subunits in C-type inactivation would benefit from a more detailed examination of the intra-and intersubunit interactions of other residues in and around the pore.
